UNCLASSIFIED

e

10 286 502

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-~
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



oS-/~
NOLTR ¢2-9s8

THERMODYNAMIC PROPERTIES OF
POLYMETHYL METHACRYLATE AND
METHYL METHACRYLATE

286 502

ot

% AU 0286502

(‘ .
£

17 JANUARY 1962 '

UNITED STATES NAVAL ORDNANCE LABORATORY, WHITE OAK, MARYLAND

RELEASED TO ASTIA

BY RAVAL ORDNANCE m
ithout restrictieps

(] For Release to Military and Govermmeot
Agencices Only.

(O Approval by BuWeps required for nloo-
to contraotors,

O Approval by BuWeps required for ald
subsequent relesase, -

NOLTR 62-98



NOLTR 62-98

THERMODYNAMIC PROPERTIES (F POLYMETHYL METHACRYIATE
AND METHYL METHACRYLATE

Prepared by:
R. W. Warfield
M. C. Petree

ABSTRACT: lack of information on the fundamental thermodynamic properties
of polymethyl methacrylate and methyl methacrylate has prompted a study of
the available thermodynamic parameters of these materials. From published
data the entropy, enthalpy, and Gibbs free energy values of polymethyl
methacrylate have been calculated over the temperature range 0° to 260°K.
The thermodynamic function, Cp/p vs. T, has been calculated and exhibits
a maximum value between 70° and 100°K. An approximation is made of the
number of vibrating units per repeating unit of polymethyl methacrylate

at 260°K. The difference Cp -Cy is calculated at 260°K and found to be
0.014 cal dex. . It is recommended that additional low temperature
specific eaf mﬂlurementl be mede on polymers and monomers.

PUBLISHED AUGUST 1962

APPROVED BY: F. Robert Barnet, Chief
Non-Metallic Materials Division
CHEMISTRY RESEARCH DEPARTMENT
U. S. NAVAL ORDNANCE LABORATORY
WHITE QAK, SILVER SPRING, MARYLAND




NOLTR 62-98 | 17 January 1962

THERMODYNAMIC PROPERTIES (F POLYMETHYL METHACRYLATE AND METHYL
METHACRYLATE

This report contains the results of an analysis of the thermodynamic
properties of polymethyl methacrylate and methyl methacrylate. The
calculated values of the thermodynamic functions, entropy, enthalpy

and Gibbs free energy, are the first published values of these functions.
Data of the type considered in this report are fundamental properties of
the materials considered and are a contribution toward a basic under-~
standing of these materials. This inveatigation wvas derived from work
done under project N1O-a-1-56 as part of a general polymer investigatiom.
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INTRODUCTION

1. A fundsmental approach toward an understanding of the structure
and internal motions of a polymer is to investigate the temperature
dependence and magnitude of the specific heat, Cp, and of the related
thermodynamic functions over a temperature range extending down to
absolute zero. Changes in Cp and in the related functions entropy,
enthalpy, and free energy are indicative of changes in the structure
and internal motions of a polymer due to crystallization, glass
transitions, and melting. In addition, Cp measurements at lov tempera-
tures are useful in testing the validity of the various theoretical
equations for the heat capacity of linear polymers, such as those
advanced by Tarassov (ref. (a){ and by Stockmayer and Hecht (ref. (b)).

2. Additional thermodynamic data on bulk polymers are needed to
elucidate the nature of the glassy and crystalline states and to
explain the magnitude of the energy changes vhich occur vhen polymers
are heated or cooled, crystallized or melted. This report, which
is the fourth in a series (refs. (c), (d), (e)), presents the calculated
values of the entropy, enthalpy, and Gibbs free energy for polymethyl
methacrylate (PMMA) over the temperature range 0° to 260°K. These
calculations are based upon published specific heat data (refs. (f) and
(g)), over the range 16° to 260°K. Also presented are the values of
the entropy, enthalpy, and Giddbs free energy for methyl methacrylate
nonomer (MMA) over the temperature range 0° to 210°K. The thermodynamic
function Cp/m vs. T, the difference Cp - Cy, and the number of classically
vidbrating \mftl per repeating unit of PMMA are also calculated and
discussed.

THE SPECIFIC HEAT OF POLYMETHYL METHACRYLATE

3. Specific heat of polymethyl methacrylate is of particular
interest because of the presence of pendent -CHx and -00-0an groups
along the main chain. It would be expected that the ester methyl
group in PMMA is more capable of different types of motion than is
the phenyl group in polystyrene (PS) and that the main chain methyl
group in PMMA vill also contribute to the specific hect. Thus, vhile
the molecular weight per repeating units of PMMA and PS are very
similar it would be expected that the differences in the vidbraticnal
spectrum produced by the various pendent groups would be reflected
by differences in the temperature dependence of the specific heats.

4. Specific heat of polymethyl methacrylate has been determined
by Sochava (ref. (g)) between 16° and 60°K and by Sochava and
Trapeznikova (ref. (f)), between 60° and 260°K. Sochava and Trapeznikova
(ref. (£)) have algo determined the specific heat of methyl meth-
scrylate between 60° and 210°K, and Erdos, Jager and Pouchly (ref.
(2)) have determined its specific heat between 293° and 323°K. The

1
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experimental values are given in Tables 1 and 2 and are presented
grephically in Figure 1.

5. Specific heat of polymethyl methacrylate between 0° and 16°K
vas obtained by extrspolating to absolute zero s plot of Cp/y vs. T2
of the experimental data between 16° and 30°K. Specific heat of
methyl methacrylate between 0° and 60° was estimated by means of a
Deby.; function (ref. (1)) with eight degrees of freedom and 6p of
151°K.

6. A plot of the observed lov temperature Cp of PMMA and PS is
shown in Mgure 2. It will be noted that the Cp of PMMA increases in
& linear manner between 16° and 60°K vhile the Cp of PS exhibits a
non-linear temperature dependence. At lov temperatures amorphous
linear polymers such as PMMA and PS should exhidit a linear increase
in Cp providing that no interactions occur between polymer chains
and that the observed Cp is due to simple transverse vidbrations. It
thus appears that at lowv temperatures PS has an additional super-
imposed upon & linear Cp. Trapeznikova and Peofanova (ref. (J))
have concluded that this additional Cp is due to the rotation of
the phenyl group in PS.

7. While the specific heat data do appear t0 indicate that more
than simple vibrations of the main chain PS are taking place, these
data do not indicate just vhat groups or types of vibrations are
involved. In the case of polymethyl methacrylate Sinnott (ref. (k))
has concluded that the ester and main chain methyl groups progressively
exhibit increased motion with increasing temperature. Motion of these
groups would contribute to the specific heat. Sochava (ref. (g)) has
recently pointed out that the higher specific heat of polymethyl
methacrylate at temperatures above 50°K, when compared vith polystyrene,
is due to the torsional vidbrations of the methyl groups.

8. Warfield and Petree (ref. (1)) have recently shown that the
model of Stockmayer and Hecht (ref. (b)) using the analytical procedure
developed by Starkweather (ref. (m)) can be applied to polymethyl
methacrylate and to polystyrene and that a number of paramesters
indicative of the structure of the polymer can be calculated from Cp
dats.

ENTROPY, ENTHALPY AND GIBBS FREE ENERGY CALCULATIONS

9. From Cp data, values of entropy, enthalpy, and Gibbs free
energy of polymethyl methacrylate and methyl methacrylate have been
calculated at ten degree increments dy numerical integration and
are presented in Tables 1 and 2 and in Figure 3. The values were
obtained by evaluating the thermodynamic relations

Sp - Sgex = ,foT 5 (1)

2
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- B = [, oo @

(Pp - Foog)= (By - Bpu) -7 (5 - o) (3)
where (ST - SO’K)’ (B’l‘ - HO’K)’ and (FT - FO‘K) are the entropy, enthalpy,
and Gibbs free energy relative to absolute zero.
10. Since polymethyl methacrylate is an amorphous polymer it must
be assumed that there will be residual entropy at adbsolute zero. While

there is some evidence that this residual entropy will be small (ref.
(n)), its magni‘tude is unknown.

11. At 260°K the entropy of polymethyl methacrylate was found to be
0.3575 cal /ey, geg. OF 33:75 c8l ) geg. ERtropy Of methyl methacrylate

at 210°K was found to be 0.3788 cal /gy, geg. OF 37-88 cal/png)e geg. 20d

at 210°K the entropy of polymerization was found by difference to be
9.63 cal /mole deg. At 260°K the enthalpy of polymethyl methacrylate

was fouad to be 40.11 ca.l/m. and that of methyl methacrylate at 210°K
wvas 37.50 ca.l/g,, The Gibbs free energy of polymethyl methacrylate at

260°K was found to be -45.95 cal/gy and for methyl methacrylate at
210°%K -40.15 cal/gn. :

12. The free energy of polymerization, AF, is calculated at 210°K
by means of Equation (L).
AF = OH - TOS (&)
Where AH is the heat of polymerization of MMA, 13.8 Kcal/mole (ref. (o))
and AS is the entropy of polymerization, -9.6 cal/mole deg. The free
energy of polymerization is thus found to be -11.8 Kcal/moye Ot 210fK.

This AF value may be slightly high since the AH was determined at 300°K.
The corresponding value for styrene is -9.L Kcal /poye ot 300°K. These

values can be compared with the AF value of -14.3 Kcal/p;), vhich bas

been calculsted by Dainton, et al. (ref. (p)) for the polymerization of
3,3 bis(chloromethyl) oxacyclobutane.

13. Plots of the thermodynamic functions vs. temperature for the
polymer are shown in Figure 3. These functions change vith temperature
in & manner very similar to those of polystyrene (ref. (c)) and poly-
ethylene (ref. (d4)).
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THE FUNCTION Cp/p VS. T FOR POLYMETHYL METHACRYLATE

14. Smith and Dole (ref. (q)) have pointed out that the function
Cp/p vs. T is a constant if the specific heat rises linearly with T

from a zero value at absolute zero. The function Cp/p measures the
rate at vhich the entropy increases with temperature or

[:’%]p - % (5)

Dole and underlich (ref. (r)) have presented data for the magnitude

and temperature dependence of this function for a number of polymers

and long chain hydrocarbons. For many of the hydrocarbons a maximum

value of the function is observed at 60° to T0°K which, according to

Dole and Wunderlich (ref. (r)), is due to one or more modes of vibration
having the same frequency dominating at this temperature range. Warfield
and Petree have shown that polystyrene (ref. (c)), polyethylene (ref. (a)),
polyvinyl alcohol (ref. (e)), and polytetrafluoroethylene (ref. (a))
exhibit maxima at temperatures below 100°K.

15. A plot of Cp/ vs. T for polymethyl methacrylate is shown in
Figure 4. Data for pSlystyrene are included for purposes of comparison.
It wvill be noted that polymethyl methacrylate exhibits a maximum value
of this function between TO® and 100°K and that at higher temperatures
the magnitude of the function decreases. These maximum values of the Cp/T
vs. T function are probably due to interactions bvetween chains vhich
can best be described by a three-dimensional Debye continuum of acoustic
frequencies (ref. (1)).

VIBRATING UNITS PER REPEATING UNIT OR POLYMETHYL METHACRYLATE

16. Based upon a number of assumptions, Dole (ref. (s)) was
able to calculate the heat capacity per vidrating unit of polyethylene.
Employing the same assumptions it is possidle to estimate the number
of classically vibrating units at 260°K in the PMMA repeating unit
-C(CH3) (COOCH3)CH2-. Three assumptions are ewployed. The first is
that the force constant of the C-H bond is 80 great that the methyl
and methylene groups vill vibrate as a single unit; the second is
that every group in the chain can vibrate harmonically with two degrees
of freedom along mutually perpendicular axes transverse to the cain
direction, and thirdly that longitudinal or stretching vibrations are
negligible at 260°K. If each vidrating unit vidbrates vith two degrees
of freedom, the expecied specific heat would be 2R or 3.97 ca.l/d”, mole

per vidbrating unit. However, these considerations apply to Cy, not Cp.
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17. The number of vibrating units per repeating unit is found by
dividing Cy, the heat capacity at constant volume, by 2R. Cy can be
calculated by means of Equation (6).

: ]
- 1 + Tvea2 (6)
AN B

—~—
Where Cp is the observed heat capacity of PMAA at 260°K, 0.267 °°‘1/dcg.

or 26.7 cal/ .. deg.’ V is the sound velocity, 2320 m/ .. (rer. (t)); a

1s the cubic coefficient of expansion, 2.06 x 10-4 per deg (ref. (u)); and
J 1s the mechanical equivalent of heat, 4.184 x 10-T7 er8/cq)1. Cy 1is found

to be 0.253 cal/aeg. gm. Or 25.3 °‘1/mole deg. and Cp - Cy is 0.01% c‘l/sm-

deg® Based upon these values the number of vibrating units per repeating
unit of PMMA at 260°K is 6.38.

CONCLUSIONS

18. Considerations of data presented in this report have led to the
following conclusions:

a. The low temperature specific heat of polymethyl methacrylate
and polystyrene exhibit small dut significant differences which can be
attributed to the motion of pendent side groups.

b. Cp - Cy for polymethyl methacrylate at 260°K is 0.01k4 cal/geq. gm.

¢. The number of vibrating units per repeating unit of PMMA 1is
calculated to be 6.38.

RECOMMENDATIONS

19. It ir ecommended that calorimetric measurements de made to
obtain low temperature specific heats of many of the common monomers
and polymers. Data of this type would permit calculation of the
entropy, enthalpy, and free energy of these systems and the changes in
these values due to polymerization. A complete thermodynamic investi-
gation of the factors that make up the observed specific heat over a
broad temperature range would be of great importance towvard a more
complete understanding of the structure and internal motion of a polymer.
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TABLE 1

SPECIFIC HEAT, ENTROPY, ENTHALPY,
AND GIBBS FREE FNERGY OF METHYL METHACRYLATE

Temperature Specific Heat, Cp(l) Sp - Spex Hp 'HO’K
b ¢ cal/deg. gnm. cal/deg.gm. cal/gm.
1 (0.004) 0.0021 0.013
20 go 027 0.0153 0.133
30 0.059 0.0372 0.562
Lo (0. oeh; 0.0616 1.288
50 (0.103 0.0856 2.242
60 0.118 0.1079 3.352
70 0.1k2 0.1298 L.662
80 0.157 0.1512 6.162
90 0.170 0.1717 7.802
100 0.181 0.1912 9.552
110 0.191 0.2097 11.%0
120 0.204 0.2276 13.37
130 o0.217 0.2452 15.48
140 0.23%0 0.2624 17.71
150 0.244 0.2793% 20.08
160 0.256 0.2960 22.58
170 0.269 0. 312k 25.20
180 0.285 0.3287 27.97
190 0.305 0. 3451 30.92
200 0.328 0. 3617 34.08
210 0.358 0.3788 37.50

(1)

Data of Sochava (60* to 210°K)

POV P B OOOO
RRIIBETERE

b=
po
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TABLE 2

SPECIFIC HEAT, ENTROPY, ENTHALPY,
ARD GIBBS FREE ENERGY OF POLYMETHYL METHACRYLATE

1)

Temperature Specific Beat, Cp( Sp=Sgex Hyv=Booy '("r' o°x)
*K cal/deg. gm. cal/deg.gm. cal/gm. cal/gm.
10 (0.010) 0.0112 0.070 0.010
20 0.019 0.0246 0.190 0.179
30 0.035 0.038L4 0.460 0.500
Lo 0.051 0.0529 0.890 0.962
50 0.066 0.0675 1.470 1.568
60 0.083 0.0823 2.210 2.316
70 0.098 0.0977 3.130 3,220
80 0.112 0.1127 4.180 L. 272
90 0.126 0.1277 5.380 5. LTk

100 0.139 0.1k25 6.710 6.828
110 0.1k9 0.1569 8.150 8. 324
120 0.158 0.1708 9.680 9.962
130 0.166 0.1843 11.30 11.7h4
140 0.176 0.1975 13.02 13.64
150 0.186 0.2104 14.83 15.68
160 0.194 0.2231 16.73 17.85
170 0.202 0.2356 18.72 20.15
180 0.210 0.2478 20.79 22.58
190 0.218 0.2597 22.9% 25.11
200 0.226 0.2709 25.15 27.68
210 0.235 0.2825 27.47 30. bk
220 0.244 0.2939 29.86 33,33
230 0.250 0.3051 32.3h 36. %1
2ko 0.255 0.3161 3L.87 39.41
250 0.262 0.3269 37.46 42.63
260 0.267 0.3375 40.11 45.95

(1) Data of Sochava (16° to 260°K
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